Background--The incidence of obesity is rising, particularly among women. Microvascular dysfunction is more common with female sex, obesity, and hyperlipidemia and predicts adverse cardiovascular outcomes, but the molecular mechanisms are unclear. Because obesity is associated with mineralocorticoid receptor (MR) activation, we tested the hypothesis that MR in endothelial cells contribute to sex differences in resistance vessel dysfunction in response to cardiometabolic risk factors.
A lthough cardiovascular disease (CVD) mortality has been declining because of advances in care and awareness, coronary disease mortality has recently begun to rise in women aged 35 to 54 in the United States. 1 This concerning trend has been attributed to the expanding obesity epidemic, which preferentially affects women. [1] [2] [3] Obesity and the associated hyperlipidemia and metabolic dysfunction are well-known risk factors for CVD. 4 One of the earliest vascular consequences of these cardiometabolic risk factors is endothelial dysfunction, characterized by impaired endothelium-dependent relaxation. [5] [6] [7] Impaired vasorelaxation decreases organ perfusion capacity and can contribute to the development of hypertension, another CVD risk factor associated with obesity. The dysfunctional vascular endothelium is also proinflammatory and prothrombotic. In these ways, endothelial dysfunction contributes to the development of atherosclerosis and progression to plaque rupture and thrombosis, the cause of cardiovascular ischemia, which is the leading cause of death in both sexes. 1, 2 Although premenopausal women are protected from CVD relative to men, this protection is attenuated in obese young women, particularly those with metabolic syndrome or diabetes mellitus, 8 yet the molecular mechanisms remain unknown.
Resistance microvessels are key regulators of blood flow distribution and contribute to blood pressure by modulating peripheral vascular resistance. In humans, dysfunction of resistance vessels, rather than conduit vessels, predicts 5-year CVD risk. 9 Indeed, in the large Framingham offspring cohort, female sex, high body mass index and dyslipidemia are each associated with increased incidence of microvascular endothelial dysfunction. 10 Resistance vessels dilate in response to environmental changes and physiological needs to modulate blood flow to specific organs. This endotheliumdependent vasodilation is measured experimentally by quantifying the vascular relaxation response to acetylcholine. Three components can contribute to this endothelium-derived vasodilatory response: COX (cyclooxygenase)-derived prostanoids, endothelial nitric oxide synthase (eNOS)-derived nitric oxide (NO), and endothelium-derived hyperpolarization (EDH).
EDH is mediated by endothelial potassium channels; specifically, IK1 and SK3 channels account for EDH in resistance microvessels. 11 Hydrogen peroxide (H 2 O 2 ) is an additional vasodilator that activates potassium channels to contribute to EDH. 12, 13 Sex differences have been described in the relative contribution of these endothelium-derived relaxing factors to resistance vessel function in rodent models. 14, 15 However, how these components are modulated in resistance vessels in response to cardiometabolic risk factors and whether there are sex differences in those responses have not been directly investigated. Obesity in humans is associated with increased activation of the mineralocorticoid receptor (MR), a critical regulator of blood pressure by modulating renal sodium retention. The MR is a member of the steroid receptor family that is activated by mineralocorticoids such as aldosterone and by corticosteroids, in some cells under specific conditions. 16, 17 Obesity is associated with increased levels of aldosterone 18 and, particularly when associated with hyperglycemia, increased activity of the Rho-family small GTPase Rac1, a ligandindependent MR activator. [19] [20] [21] In addition to the kidney, MR is expressed in vascular cells including smooth muscle cells and endothelial cells (ECs). [22] [23] [24] In a mouse model of Western diet-induced obesity, females developed higher plasma aldosterone levels compared with males. 25 MR blockade in rodents improved endothelial function in females more than males in the setting of diabetes mellitus or hyperleptinemiacommon complications of obesity. 26, 27 These studies support a potential role for MR in endothelial dysfunction induced by cardiometabolic risk factors and suggest that the role of MR may be enhanced in females. Studies using mice with MR specifically deleted from ECs revealed that MR in ECs (EC-MR) does not substantially contribute to basal blood pressure or baseline endothelial function 28 but rather appears to contribute to the vascular response to risk factors such as hypertension and obesity (reviewed in 29) . Previous studies exploring the role of EC-MR in endothelial function have focused on conduit vessels, predominantly the aorta. Specifically, obesity induced by a high-fat diet (HFD) causes aortic endothelial dysfunction that was prevented in male mice lacking EC-MR. 30 In female mice, EC-MR contributed to aortic endothelial stiffness induced by a high-fat/high-sucrose diet by enhancing expression and activity of the epithelial sodium channel in aortic ECs. 31 However, the role of EC-MR in resistance vessel endothelial dysfunction in response to cardiometabolic risk factors has not been well characterized, nor have sex differences been explored. Whereas conduit vessel endothelial dysfunction contributes to vascular disease by promoting vascular inflammation, stiffness, and fibrosis, conduit vessel vasodilation is not a major mechanism in regulating blood flow or blood pressure. Understanding mechanisms driving resistance
Clinical Perspective
What Is New?
• This study revealed totally distinct pathophysiological mechanisms in female and male mice underlying resistance vessel endothelial dysfunction induced by obesity with or without hyperlipidemia.
• The results show distinct contributions of nitric oxide and endothelium-derived hyperpolarization in each sex and a protective role of endothelial cell-mineralocorticoid receptor deletion specifically in females.
• The mechanisms of microvessel dysfunction were also different in the obesity model versus the obesity model with hyperlipidemia.
What Are the Clinical Implications?
• Obesity preferentially affects women and is associated with microvessel dysfunction, and impaired resistance vessel function predicts an increased risk of cardiovascular disease; therefore, understanding mechanisms driving microvascular dysfunction in obesity is critical to prevent adverse cardiovascular consequences.
• The identification of sex-specific mechanisms of microvessel dysfunction supports the concept that personalized therapies are needed to prevent the adverse cardiovascular outcomes of obesity in males versus females and may need to be tailored to the specific associated metabolic abnormalities in each individual.
• If confirmed in humans, future clinical studies could explore the efficacy of mineralocorticoid receptor antagonists to prevent microvascular endothelial dysfunction by increasing nitric oxide bioavailability specifically in obese females.
vessel dysfunction is important to our understanding of organspecific blood flow regulation. In addition, microvessel dysfunction, rather than conduit-vessel dysfunction, correlates with adverse CVD outcomes in humans and is more common in women, particularly those with cardiometabolic risk factors. 9,10 Indeed, MR blockade in patients with type 2 diabetes mellitus improved coronary flow reserve, 32 suggesting a role for MR in human microvessel function. These data prompted the hypothesis that there are sex differences in the mechanisms by which cardiometabolic risk factors induce resistance microvessel dysfunction and that MR activation in the endothelium contributes to those mechanisms. To test this hypothesis, we examined the mechanism by which dietinduced obesity alone or combined with hyperlipidemia produces endothelial dysfunction in small mesenteric resistance arteries from male or female mice with MR specifically deleted from EC (EC-MR knockout [EC-MR-KO] mice) compared with their MR-intact littermates and identified sexspecific mechanisms with a role of EC-MR only in females.
Methods Animals
All studies were approved by the Tufts University institutional animal care and use committee in compliance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health). EC-MR-KO mice were generated, as described previously, 28 by crossing floxed MR mice with mice containing a Cre-recombinase gene driven by the EC-specific VE-cadherin promoter (EC-MRÀ/À, EC-MR-KO). These are compared with floxed MR/VE-cadherin-Cre-negative littermates (EC-MR+/+, MR-intact). Substantial and specific deletion of MR from ECs in this model has been previously and extensively confirmed.
28,33

Cardiovascular Risk Factor Models
Four-week-old male or female EC-MR-KO and MR-intact littermates were randomized to 3 groups: control, normal chow (0.3% NaCl; Harlan diet TD8604); obesity, HFD (Harlan Teklad TD.88137: 42% kcal from fat, 60% as saturated fat, 34% sucrose by weight) for 12 weeks; or hyperlipidemia, HFDinduced obesity with hyperlipidemia. To induce hyperlipidemia, animals received a single injection of adeno-associated virus (AAV)-based vector targeting transfer of the mutant stable form (DY mutation) of the human PCSK9 (proprotein convertase subtilisin/kexin type 9) gene (AAV-hPCSK9 DY ) to the liver and fed with an HFD for 12 weeks, as described previously. 34 An average of 5 mice per group were randomized for each myography study and 4 per group for the biochemical studies based on power calculations to achieve a power of 0.85 with an a=0.05. Body weight was evaluated at the beginning and at the end of the 12 weeks of feeding. Blood pressure was measured in a subset of mice just before euthanization by a validated tail cuff training and measurement method, as described previously. 35 
Statistical Analyses
The data, analytic methods, and study materials will be made available to other researchers by request to the corresponding author for purposes of reproducing the results or replicating the procedures. All values are presented as meanAESEM. For Table, the normally distributed data (blood pressure, body weight, glucose) were analyzed by 3-factor ANOVA with risk factor, genotype, and sex as the variables, followed by the HolmSidak post hoc test using SigmaPlot v.12.5 (Systat Software). For the nonnormally distributed data (cholesterol, aldosterone, corticosterone, estradiol) the Kruskal-Wallis test was used in R (R Foundation for Statistical Computing) to independently assess for effects of sex, genotype, and risk factor. For Figures 1 through 8, means were compared by 2-factor ANOVA followed by the Bonferroni post hoc test with risk factor and genotype as the variables, using GraphPad Prism 5.0. For all data, a value of P<0.05 was considered significant.
Results
Traditional Risk Factors and Hormone Levels in Mouse Models of Obesity and Hyperlipidemia
To explore mechanisms underlying sex differences in the response of resistance vessels to cardiometabolic risk factors, male and female MR-intact and EC-MR-KO littermates underwent diet-induced obesity with or without AAV-PCSK9 DY -induced hyperlipidemia and were compared with littermates fed normal chow (control). At the termination of the studies, traditional risk factors and hormone levels were measured in a subset of animals in each group. As expected, animals fed an HFD exhibited significantly greater body weight (obesity model), and the single injection of AAV-hPCSK9 DY induced a significant increase in serum cholesterol (hyperlipidemia model; Table) . The obesity model was associated with an increase in fasting glucose consistent with metabolic dysfunction, whereas the hyperlipidemic obese animals gained slightly less weight with no significant change in serum glucose. As expected, females had lower body weight and slightly lower blood pressure than males. Serum levels of aldosterone and corticosterone, hormones that can activate the MR, were significantly increased in females compared with males. Hyperlipidemic mice had significantly lower aldosterone and higher corticosterone levels compared with the obesity group. Serum estradiol levels were measured in females and were significantly decreased in hyperlipidemic females compared with normaldiet controls. It is important to note that all changes in the traditional cardiovascular risk factors and hormones measured in Table, including the extent of the obesity or hyperlipidemia in both sexes, were independent of the presence or deletion of EC-MR.
Female Mice are Susceptible to ObesityAssociated Resistance Microvessel Dysfunction
The degree of endothelium-dependent relaxation in response to acetylcholine was measured in small mesenteric resistance arteries. All vessels were preconstricted with phenylephrine, and there was no significant effect of genotype or diet on the contractile response to phenylephrine. As previously published regarding males, 28 in control mice of either sex without risk factors, EC-MR deletion did not affect the vasodilatory response to acetylcholine (data not shown). In EC-MR-intact mice, 12 weeks of HFD-induced obesity resulted in significant impairment of endothelium-dependent relaxation only in females, with no effect in males ( Figure 1A and 1B). These data suggest that in female mice, as in women, 5, 36 there is increased susceptibility to microvessel endothelial dysfunction in the setting of obesity. HFD combined with hPCSK9 DY -induced hyperlipidemia was associated with endothelial dysfunction in both male and female mice ( Figure 1A and 1B). Injection of control AAV combined with HFD in males did not significantly affect relaxation of mesenteric arteries ( Figure 1E ), suggesting that the vascular dysfunction was not induced by viral infection alone and was likely due to hyperlipidemia. 46AE2 (4) 39AE2 (11) 29AE1 (4) 48AE1 (5) 40AE2 (11) 21AE1 (7) 33AE1 (10) 27AE1 (10) 22AE0.3 (7) 35AE1 (11) 28AE1 ( 106AE5 (5) 98AE4 (6) 110AE7 (4) 97AE6 (4) 97AE4 (7) 102AE4 (9) 103AE5 (8) 97AE4 (6) 95AE5 (8) 90AE7 (7) 91AE3 (7) * Fasting cholesterol, mg/dL 83AE14 (6) 191AE8 (3) 1443AE122 (5) 87AE6 (7) 195AE11 (3) 1729AE307 (7) 69AE10 (7) 147AE14 (10) 1337AE116 (6) 82AE11 (6) 124AE24 (6) 1454AE151 (7) ‡, § Fasting glucose, mg/dL 172AE18 (8) 161AE24 (8) 146AE17 (8) 125AE28 (5) 153AE21 (7) 138AE14 (8) 111AE14 (11) 205AE27 (11) 136AE18 (7) 147AE17 (10) 166AE11 (7) 121AE17 ( (9) 3.7AE0.6 (9) 3.4AE0.4 (11) 6.4AE1.5 (9) 5.4AE1.3 (9) 2.5AE0.4 (10) ‡ Aldosterone, pg/mL 79AE7 (9) 123AE17 (10) 67AE8 (8) 92AE12 (10) 95AE11 (10) 48AE7 (8) 150AE22 (11) 201AE25 (17) 125AE26 (6) 183AE33 (10) 160AE30 (12) 71AE21 ( (10) 75AE6 (10) 134AE11 (10) 70AE6 (10) 68AE4 (10) 128AE13 (10) 148AE15 (10) 178AE17 (10) 190AE28 (9) 206AE15 (10) 110AE5 (10) 208AE29 (11)
Normally distributed data (weight, blood pressure, glucose) were analyzed by 3-way ANOVA; all others were analyzed by Kruskal-Wallis nonparametric testing for each variable (sex, genotype, and treatment). Data presented as meanAESEM Significant difference between HFD and PCSK9 treatments.
Unless specified, significance indicators apply to both male and female groups. 
EC-MR Deletion Protects Only Females From Endothelial Dysfunction Induced by Cardiometabolic Risk Factors
EC-MR deletion prevented resistance vessel endothelial dysfunction associated with obesity and hyperlipidemia in females but not in males ( Figure 1C and 1D) , supporting a sex difference in the role of EC-MR in the vascular response to cardiometabolic risk factors. Relaxation responses to the NO donor sodium nitroprusside were similar in all groups (Figure 2 ), indicating that the mechanism for the impaired vasodilatory response to acetylcholine and the sex differences resulted not from a smooth muscle cell defect but rather from an EC defect.
Sex Differences in the Contributions of NO and EDH to Microvessel Dysfunction Induced by Cardiometabolic Risk Factors
To investigate the mechanisms driving endothelial dysfunction in response to cardiometabolic risk factors, we incubated the isolated vessels with specific inhibitors of endotheliumderived relaxation factors and again quantified endothelialdependent relaxation to a dose escalation of acetylcholine. Indomethacin was first used to inhibit COX-derived prostanoid production. Prior studies showed that COX-derived products do not contribute to vasodilation in healthy resistance vessels in rodents 14 but are implicated in conduit vessel function in the setting of obesity and dyslipidemia. 30, 37 We found that indomethacin does not affect acetylcholine-induced relaxation at baseline in small mesenteric resistance arteries or in mice exposed to risk factors regardless of their sex or the presence of EC-MR ( Figure 3 ). These data suggest that COX-derived products do not contribute to endothelium-dependent relaxation in mesenteric resistance microvessels in these obesity and hyperlipidemia models. Next, the contribution of NO and EDH to resistance vessel function was quantified. Endothelium-dependent relaxation was measured after blockade of endothelial NO production with the eNOS inhibitor L-NAME alone and in combination with EDH blockade with inhibitors of the endothelial potassium channels IK1 and SK3 by TRAM34 and apamin, respectively. The data reveal profound differences in the effects of cardiometabolic risk factors on the components of endothelial dilation in females versus males. In males (Figure 4) , in the absence of risk factors, both eNOS and EDH contribute to vasodilation, with NOS contributing a greater proportion of mesenteric vasodilatory function than EDH ( Figure 4A and 4D) , consistent with prior studies. 14, 15 Exposure of male mice to obesity, with or without hyperlipidemia, resulted in profound impairment in eNOS-mediated relaxation of resistance vessels. However, in males exposed to obesity alone, decreased NO was compensated for by a significant increase in the EDH component of vasorelaxation ( Figure 4B ). This contrasts with hyperlipidemic obese males in which the profound decline in the NOS component is not overcome, resulting in impaired endothelium-dependent relaxation ( Figure 4C) . Under all experimental conditions tested in males, EC-MR deletion had no effect on the contributions of these endothelium-derived relaxation factors ( Figure 4D through 4F). The relative contribution of endothelium-derived relaxation factors in small arteries of males is summarized in Figure 4G by calculating the area under each of the curves in Figure 4A through 4F.
In females, the response of the resistance vasculature to cardiometabolic risk factors was quite distinct from males ( Figure 5 ). As published previously, 14, 15 in control female mice without risk factors, EDH was a greater contributor to endothelial-dependent relaxation than NO ( Figure 5A and 5D ). When exposed to obesity or hyperlipidemia, female resistance vessels exhibited a significant decline in the EDH component of acetylcholine-induced relaxation ( Figure 5B and 5C). However, in female EC-MR-KO mice, the impaired EDH was compensated for by a significant increase in the NOS contribution to vasodilation ( Figure 5E and 5F). The relative contribution of endothelium-derived relaxation factors in small resistance arteries of females is summarized in Figure 5G by calculating the area under each of the curves in Figure 5A through 5F. The results in Figures 4 and 5 demonstrate profound sex differences in the mechanisms underlying risk factor-induced endothelial responses of the resistance vasculature, with a protective role for EC-MR deletion only in females.
NO and ROS Production in Male and Female Resistance Vessels in Response to Risk Factors
To investigate mechanisms for the observed changes in the NO component of resistance vessel function in response to cardiometabolic risk factors, mesenteric vessel protein lysates were used to quantify total eNOS protein expression as well as the level of eNOS phosphorylation at serine 1177, a posttranslational modification associated with enhanced eNOS activation ( Figure 6A through 6D) . There was no effect of obesity, hyperlipidemia, or the presence of EC-MR on mesenteric vessel total eNOS expression ( Figure 6A and 6C) . The level of eNOS activation, as determined by the ratio of phosphorylated to total eNOS, was also not changed under any condition ( Figure 6B and 6D). We next evaluated the overall level of bioavailable NO in mesenteric vessels in situ using the specific fluorescent probe DAF-2 DA. In males, resistance vessel NO content was significantly reduced in mesenteric arteries from obese and hyperlipidemic mice, independent of the presence of EC-MR ( Figure 6E ). In MRintact females, exposure to obesity with or without hyperlipidemia did not affect resistance artery NO content ( Figure 6F ). However, females lacking EC-MR exhibited significantly increased NO levels compared with EC-MR-intact female mice. These data are consistent with the functional studies in Figures 4 and 5 and support that, in males, exposure to cardiometabolic risk factors impairs resistant vessel NO bioavailability with no role for EC-MR, whereas in females, NO levels are not affected by risk factors but are enhanced when EC-MR is deleted. A potential explanation for changes in vascular NO levels without a change in eNOS expression or serine 1177 phosphorylation would be changes in NO bioavailability due to ROS production that inactivates NO. To test this, superoxide production was measured by DHE fluorescence in mesenteric vessel sections. DHE fluorescence was not different between male groups, regardless of risk factor exposure or the presence of EC-MR ( Figure 6G ). This result suggests that changes in NO levels in small mesenteric vessels exposed to risk factors may not be related to local superoxide production in males. In females, there was a significant increase in superoxide generation in response to hyperlipidemia that was not observed in female mice lacking EC-MR ( Figure 6H ).
Sex-Specific EDH Functional Responses to Cardiometobolic Risk Factors Correlate With Resistance Vessel Potassium Channel Expression
In females, the primary response of the mesenteric microvasculature to cardiometabolic stress was decreased EDH ( Figure 5 ). Because H 2 O 2 can act as an EDH factor in human and mouse mesenteric vessels, 12, 13 we next examined the contribution of H 2 O 2 to endothelium-dependent relaxation in females. As shown in Figure 7 , treatment with catalase to inactivate H 2 O 2 reduced the vasodilation in control and obese EC-MR intact female mice, whereas catalase had no effect in hyperlipidemic mice. under the curve represents the relative contribution of NOS and EDH in males and shows that males depend more on NO and that NOSmediated dilation is lost with obesity and hyperlipidemia but is compensated for by increased EDH in obesity alone. Two-factor ANOVA, *P<0.05 vs EDH in control EC-MR +/+ ; + P<0.05 vs NO in control EC-MR +/+ . EC-MR indicates mineralocorticoid receptors in endothelial cells. females, this finding is insufficient to explain the near total loss of EDH seen in Figure 5 , nor do these data clarify the mechanism of dysfunction in obese females without hyperlipidemia. SK3 and IK1 are endothelial channels that contribute to EDH of smooth muscle cells resulting in vasodilation of small mesenteric resistance arteries. 11 We next evaluated protein expression of these endothelial potassium channels in resistance vessels from males and females exposed to obesity with or without hyperlipidemia (Figure 8 ). There was a significant increase in mesenteric protein expression of SK3 ( Figure 8A ) in obese male mice, in which we previously showed that EDH-mediated vasodilation was increased, thereby compensating for impaired NO ( Figure 4G ). There was no significant change in IK1 protein expression under any condition in males ( Figure 8B ). There was also no effect of EC-MR deletion on expression of SK3 or IK1 in males under any condition, consistent with the functional studies in Figure 4 . These data suggest that the compensatory increase in EDH in obese males may be due to upregulation of SK3 protein in small mesenteric arterioles, with no role for EC-MR in regulating expression of these channels in males. In females, the observed decline in the EDH component of resistance vessel function in the setting of obesity and hyperlipidemia ( Figure 5 ) was associated with reduced expression of endothelial potassium channels in small mesenteric arteries ( Figure 8C and 8D ). SK3 expression was significantly reduced in mesenteric vessels specifically from hyperlipidemic females, whereas IK1 expression was decreased in obese female mice with or without concomitant hyperlipidemia. As with the functional data in Figure 5 , in which MR deletion did not affect EDH-mediated vasodilation, the deletion of EC-MR did not mitigate the effects of risk factors on expression of the endothelial potassium channel proteins ( Figure 8C and 8D) . Combined, these data suggest that in females with obesity, endothelial dysfunction is caused by a loss of endothelium-derived hyperpolarizing factor in association with decreased resistance vessel IK1 protein, whereas with hyperlipidemia, the mechanism may involve decreased SK3, IK1, and H 2 O 2 .
Discussion
This study compared, for the first time, the endothelial responses of mesenteric resistance microvessels to cardiometabolic risk factors in male and female mice. The results reveal sex-specific mechanisms driving endothelial dysfunction that are further modulated depending on whether obesity is also associated with hyperglycemia or hyperlipidemia. Specifically, we showed, first, that mesenteric microvessels from males are dependent on NO for vasodilation and that when exposed to obesity with or without hyperlipidemia, males exhibit a substantial loss of NOS-dependent relaxation in association with decreased microvessel NO content. Second, in obese males without hyperlipidemia, the deficiency of NO was compensated for by increased EDH with greater expression of the SK3 potassium channel in resistance vessels. Third, female mesenteric resistance vessels were particularly sensitive to obesity-induced endothelial dysfunction and were more dependent on EDH for vasodilation. Fourth, in females, obesity and hyperlipidemia led to profound impairment of the EDH component of endothelium-dependent vasodilatation. In obesity, impaired EDH was associated with decreased expression of the endothelial IK1 channel, whereas in females with hyperlipidemia, impaired EDH correlated with a decline in IK1, SK3, and H 2 O 2 and increased oxidative stress. Fifth, in females, MR may be activated by increased serum aldosterone and corticosterone levels compared with males, and deletion of the MR from EC specifically protected females from endothelial dysfunction by increasing NO availability, thereby compensating for impaired EDH. These results support the concept that the molecular mechanisms driving microvascular endothelial dysfunction, the initial step in the development of vascular disease in response to common risk factors, may be entirely different in males and females. Based on these findings, personalized therapies that are both sex-specific and tailored to the associated metabolic risk factor profiles need to be developed to prevent the adverse cardiovascular consequences of the growing obesity epidemic.
Previous studies have demonstrated sex differences in the mechanisms of resistance vessel vasodilation in the absence of risk factors. In small arteries, endothelium-dependent relaxation in males was found to rely more heavily on NOS than EDH, and the opposite was found for females. 14, 15, 38, 39 No role for COX-derived prostanoids was found in either sex. 12, 14, 15 We confirmed these findings in resistance vessels from healthy mice and further explored the response to common cardiometobolic risk factors. In males, we showed that obesity and hyperlipidemia profoundly impaired NO availability in Figure 6 . Continued mesenteric resistance microvessels. This is consistent with many prior studies demonstrating that vascular NO bioavailability is impaired by obesity and metabolic syndrome; however, much of the data supporting this concept were performed only in males, thereby missing potential sex-specific mechanisms (reviewed in 7, 40). In addition, many such studies, regardless of sex, measured endothelial responses in the mouse aorta, 27,30 a conduit vessel that is larger and thus easier to study. Resistance vessels differ from conduit vessels, in which NO is the major endothelium-dependent relaxation factor, and no role has yet been identified for endothelial SK and IK channels. 11, 41, 42 Because aortic vasodilation does not contribute substantially to regulation of blood flow or pressure, it can be speculated that conduit vessels have fewer redundant pathways to maintain this function, but further studies are needed to test that hypothesis.
Interestingly, although the degree of mesenteric relaxation to acetylcholine in male mice exposed to 12 weeks of dietinduced obesity appeared to be preserved, further investigation revealed that there was, in fact, profound impairment of NO availability that was overcome by a compensatory increase in the contribution of EDH. This compensatory rise in EDH was not observed when males were exposed to obesity with hyperlipidemia. Our results in male mice are consistent with a recent study in male rhesus monkeys fed a high-fat/high-fructose diet to induce obesity with progression to metabolic syndrome. 43 In the obese male monkeys, NO bioavailability in skeletal muscle microvessels progressively declined over 2 years, but skeletal blood flow was initially preserved because of increased endothelium-derived vasodilators. In the monkey model at 2 years, insulin resistance developed and skeletal muscle blood flow abruptly declined. Combining our findings in rodents with this study in primates supports the concept that, in males, early obesity-induced impairment of microvessel NO availability is overcome by an increase in non-NO vasodilators but that when obesity is combined with additional metabolic risk factors, this compensatory mechanism in males is lost. Further studies are needed to test this mechanism in humans; however, a recent meta-analysis of human data demonstrated that obesity is associated with microvascular endothelial dysfunction that is further impaired when obesity is complicated by other metabolic abnormalities. 44 Our study further explored potential mechanisms driving microvessel dysfunction in response to risk factors. In the endothelium, NO is produced by eNOS and mediates vasodilation by activating guanylyl cyclase in underlying smooth muscle cells. The smooth muscle cell vasodilatory response to an NO donor and the contractile response to phenylephrine were not affected by sex or risk factors, confirming that the defect is in the endothelium. Potential alterations in vascular tone or contractile responses to other agonists remain to be explored. The decline in NOS-mediated vasodilation in obese and hyperlipidemic male mice was associated with decreased NO bioavailability measured directly in the vessels. NO bioavailability can decrease because of a decline in NO production associated with reduced eNOS expression or activity, by uncoupling of eNOS to produce ROS, or by NO inactivation through reactions with oxidative free radicals from other sources. 45 We found no differences in ROS generation, total eNOS expression, or the degree of eNOS serine 1177 phosphorylation, an important posttranslational modification that enhances eNOS activity. Although increased vascular ROS generation has be found in response to obesity, dyslipidemia, and metabolic syndrome, 46 in early stages of obesity, vascular oxidative stress might not be present. 47, 48 We cannot exclude the possibility that risk factors modify eNOS activity and NO bioavailability through modulation of a different eNOS phosphorylation site other than serine 1177, such as the inhibitory threonine 495 phosphorylation site or others. In obese males only, the impairment in NO was associated with increased EDHmediated relaxation and a specific increase in mesenteric protein expression of the endothelial SK3 potassium channel. This finding is consistent with a recent study showing that ECspecific deletion of SK3 in male mice impaired EDH-mediated mesenteric vessel relaxation and caused hypertension, although females were not examined in this study. 49 Thus, increased expression of SK3 channels leading to enhanced EDH may be an important mechanism by which males defend resistance vessel endothelial vasodilatory function from the decrease in NO induced by obesity. By performing identical studies on male and female littermates, we found that the mechanisms driving endothelial dysfunction in response to risk factors are completely different in female mice. In response to HFD-induced obesity, female mice developed impaired resistance vessel endothelial function. This female susceptibility to vascular dysfunction was shown in a prior study in the aorta of mice with elevated leptin, an adipokine that is increased in obesity. 27 In human population studies, female sex is associated with increased risk of endothelial dysfunction specifically in microvessels but not in conduit vessels 10 ; therefore, the focus was on resistance vessels in this study. In females, we showed that endothelial dysfunction was caused by impaired EDHmediated relaxation, which was distinct from the results in males. The decline in EDH in obese females was associated with a significant decrease in IK1 channel expression with a significant decline in SK3 and the hydrogen peroxide vasodilatory effect with concomitant hyperlipidemia. Interestingly, the reduction in hydrogen peroxide in vessels from hyperlipidemic females was associated with increased ROS generation evaluated by DHE fluorescence. DHE is widely used to detect superoxide generation with high sensitivity, although other oxidants can produce a 2-electron oxidation product with similar fluorescence characteristics. 50 Consequently, the results suggest increased superoxide generation concomitant with reduced hydrogen peroxide in small arteries of female hyperlipidemic mice. It is possible this is a result of an imbalance between superoxide-generating enzymes and superoxide scavengers, but further studies are warranted to explore this possibility.
In females, obesity with hyperlipidemia was associated with significantly lower estrogen levels. Because estrogen has been shown to transcriptionally regulate SK3 and IK1 expression, 15 ,51 the decrease in estradiol levels in females exposed to hyperlipidemia could contribute to the reduced expression of endothelial potassium channels and impaired endothelial function. Estrogen is also known to enhance endothelial NO production by activating eNOS via phosphorylation (reviewed in 40). In this study, however, exposure to cardiometabolic risk factors did not change eNOS phosphorylation in mesenteric vessels in either sex. Interestingly, EC-MR deletion specifically protected females from resistance vessel endothelial dysfunction by increasing NO bioavailability. Although we could not directly measure mesenteric EC-MR expression because of the lack of a mouse MR antibody, a prior study showed that exposure to14 weeks of HFD did not alter the level of MR mRNA expression in isolated aortic ECs. 30 Rather, we showed that females had higher levels of aldosterone and corticosterone than males, supporting the potential for enhanced MR activation to play a greater role in females. In addition, the ligand-independent activation of MR by Rac1 (Rac family small GTPase 1) has been shown to be dependent on oxidative stress 52 ; therefore, the enhanced vascular ROS in hyperlipidemic females could also contribute to enhanced MR activation in females. This finding is consistent with previous data demonstrating that EC-MR deletion reduced aortic oxidative stress in a Western diet-induced obesity model. 31 In that model, EC-MR deletion decreased EC stiffness by reducing endothelial sodium channel activation, 31 and reduced EC stiffness is another mechanism to increase endothelial NO release. 53 Furthermore, the shift from aldosterone to corticosterone in hyperlipidemic mice could contribute to the distinct mechanisms driving endothelial dysfunction in obesity compared with hyperlipidemia because MR activation in vivo has been shown to differentially modulate gene expression depending on the ligand. 54 Although these clues are intriguing, additional studies are warranted to clarify the specific mechanism of vascular protection by EC-MR deletion and to determine why this protection occurs only in females. Potential crosstalk between estrogen and MR transcriptional function is supported by a study showing an interaction between the estrogen receptor and the MR in human ECs, 55 but future studies comparing intact to ovariectomized females are warranted to confirm a role for estrogen in modulating MR function in vivo. Although additional studies are needed determine whether these sex-specific mechanisms contribute to vascular dysfunction in obese humans, a study using vessels from intestinal surgery patients showed that human mesenteric resistance vessels also depend on a combination of NO and EDH for vasodilation and that IK1 is the predominant mediator of EDH in human mesenteric arteries. 56 A study examining pig coronary arterioles, which are quite similar to those in humans, also demonstrated an enhanced role for EDH in females, with males more dependent on NO. 57 Furthermore, both SK3 and IK1 were shown to be expressed in porcine coronaries of both sexes, but IK1 channels specifically contributed to EDH-mediated relaxation in female porcine coronary vessels, with no clear role in males. 57 This supports the possibility that the mechanisms identified in the current study in mouse mesenteric vessels may be similar to coronary vessels and may apply to humans. Future studies directly exploring sex differences in mechanisms of coronary microvessel dysfunction in response to obesity could have particular clinical importance. Indeed, women with cardiovascular ischemia are more likely than men to have coronary microvascular dysfunction than large vessel coronary disease, 58 but the mechanisms are not clear and no treatments are available. Consequently, these women are particularly difficult to treat, so enhanced mechanistic understanding could lead to novel treatment strategies for this unmet medical need. Moreover, a common complication of obesity is heart failure with preserved ejection fraction, for which there is also no approved drug therapy. A recent large clinical trial of MR antagonism in heart failure with preserved ejection fraction was negative, 59 but the trial mixed male and female patients and included patients with all causes of heart failure with preserved ejection fraction. Understanding sexual dimorphisms in the mechanisms of microvascular dysfunction in response to obesity might suggest the idea that future trials should be designed to test sex-specific therapies for specific causes of heart failure with preserved ejection fraction, such as MR antagonism specifically in obese females. Important limitations of this study should be acknowledged. First, all data were collected in mesenteric resistance microvessels. This choice was made because microvascular function correlates more closely with CVD outcomes than conduit vessels in humans, resistance vessels contribute to blood flow and blood pressure control, and females are more susceptible to microvessel dysfunction. Nevertheless, as described, evidence suggests distinct responses to risk factors in conduit vessels and in different microvascular beds. 28 Future studies are needed to determine whether the sexual dimorphic mechanisms identified in mesenteric vessels will be relevant in other beds, particularly the coronary and cerebral vasculature. In addition, we examined the effects of obesity alone or with hyperlipidemia, a component of metabolic syndrome; however, although glucose was elevated in the obesity model, we did not quantify other measures of insulin resistance or adipose dysfunction. Importantly, EC-MR deletion did not affect serum glucose in our study, and published data further suggest that EC-MR does not contribute to the metabolic response or to changes in adipose inflammation in response to diet-induced obesity. Sch€ afer et al put male EC-MR-KO mice (made with the Tie2-Cre, so MR is deleted in leukocytes and ECs) on an HFD for 14 weeks and showed that the obesity-induced elevation in proinflammatory cytokines in adipose tissue was not changed by EC-MR deletion, 30 nor did EC-MR deletion affect the degree of weight gain, fat weight, fasting glucose, or glucose tolerance. Two additional studies put female EC-MR-KO mice (using the same Cad-Cre as in this study) on a Western diet for 16 weeks to induce obesity with insulin resistance and found that EC-MR deletion did not affect the change in fat mass, lean mass, body weight, or insulin resistance as measured by homeostatic model assessment of insulin resistance (HOMA-IR). 25, 31 Although tail cuff blood pressure measurement revealed no difference in response to risk factors or EC-MR deletion in this study, the tail cuff measurement is less sensitive than telemetry. Although published studies using telemetry reveal no blood pressure difference between MR-intact and EC-MR-KO male mice on a control diet 28 or female mice exposed to 16 weeks of Western diet-induced obesity, 25 we cannot rule out a small blood pressure difference that is below the sensitivity of this method. Finally, these studies were performed using mouse models that allow for careful control of risk factor exposure; however, the additional genetic and environmental factors that likely contribute to vascular dysfunction in humans cannot be completely modeled in rodents.
